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The  Research  and  Technology 
Organisation  (RTO)  of  NATO 


RTO  is  the  single  focus  in  NATO  for  Defence  Research  and  Technology  activities.  Its  mission  is  to  conduct  and  promote 
co-operative  research  and  information  exchange.  The  objective  is  to  support  the  development  and  effective  use  of 
national  defence  research  and  technology  and  to  meet  the  military  needs  of  the  Alliance,  to  maintain  a  technological 
lead,  and  to  provide  advice  to  NATO  and  national  decision  makers.  The  RTO  performs  its  mission  with  the  support  of  an 
extensive  network  of  national  experts.  It  also  ensures  effective  co-ordination  with  other  NATO  bodies  involved  in  R&T 
activities. 


RTO  reports  both  to  the  Military  Committee  of  NATO  and  to  the  Conference  of  National  Armament  Directors. 
It  comprises  a  Research  and  Technology  Board  (RTB)  as  the  highest  level  of  national  representation  and  the  Research 
and  Technology  Agency  (RTA),  a  dedicated  staff  with  its  headquarters  in  Neuilly,  near  Paris,  France.  In  order  to 
facilitate  contacts  with  the  military  users  and  other  NATO  activities,  a  small  part  of  the  RTA  staff  is  located  in  NATO 
Headquarters  in  Brussels.  The  Brussels  staff  also  co-ordinates  RTO’s  co-operation  with  nations  in  Middle  and  Eastern 
Europe,  to  which  RTO  attaches  particular  importance  especially  as  working  together  in  the  field  of  research  is  one  of  the 
more  promising  areas  of  co-operation. 


The  total  spectrum  of  R&T  activities  is  covered  by  the  following  7  bodies: 


•  AVT 

•  HFM 

•  1ST 

•  NMSG 

•  SAS 

•  SCI 

•  SET 


Applied  Vehicle  Technology  Panel 
Human  Factors  and  Medicine  Panel 
Information  Systems  Technology  Panel 
NATO  Modelling  and  Simulation  Group 
System  Analysis  and  Studies  Panel 
Systems  Concepts  and  Integration  Panel 
Sensors  and  Electronics  Technology  Panel 


These  bodies  are  made  up  of  national  representatives  as  well  as  generally  recognised  ‘world  class’  scientists.  They  also 
provide  a  communication  link  to  military  users  and  other  NATO  bodies.  RTO’s  scientific  and  technological  work  is 
carried  out  by  Technical  Teams,  created  for  specific  activities  and  with  a  specific  duration.  Such  Technical  Teams  can 
organise  workshops,  symposia,  field  trials,  lecture  series  and  training  courses.  An  important  function  of  these  Technical 
Teams  is  to  ensure  the  continuity  of  the  expert  networks. 

RTO  builds  upon  earlier  co-operation  in  defence  research  and  technology  as  set-up  under  the  Advisory  Group  for 
Aerospace  Research  and  Development  (AGARD)  and  the  Defence  Research  Group  (DRG).  AGARD  and  the  DRG  share 
common  roots  in  that  they  were  both  established  at  the  initiative  of  Dr  Theodore  von  Karman,  a  leading  aerospace 
scientist,  who  early  on  recognised  the  importance  of  scientific  support  for  the  Allied  Armed  Forces.  RTO  is  capitalising 
on  these  common  roots  in  order  to  provide  the  Alliance  and  the  NATO  nations  with  a  strong  scientific  and  technological 
basis  that  will  guarantee  a  solid  base  for  the  future. 


The  content  of  this  publication  has  been  reproduced 
directly  from  material  supplied  by  RTO  or  the  authors. 


Published  September  2009 

Copyright  ©  RTO/NATO  2009 
All  Rights  Reserved 

ISBN  978-92-837-0091-3 


Single  copies  of  this  publication  or  of  a  part  of  it  may  be  made  for  individual  use  only.  The  approval  of  the  RTA 
Information  Management  Systems  Branch  is  required  for  more  than  one  copy  to  be  made  or  an  extract  included  in 
another  publication. 


RTO-EN-AVT-162 


Non-Equilibrium  Gas  Dynamics 
From  Physical  Models  to  Hypersonic  Flights 

(RTO-EN-AVT-162) 

Executive  Summary 


Development  of  hypersonic  flights  for  aerospace  transport  industry,  space  agencies,  and  defense  programs 
requires  in-depth  knowledge  of  non-equilibrium  gas  dynamics  effects  for  accurate  design  and  safe 
operation  of  spacecraft,  planetary  probes,  and  rockets.  The  transport  of  mass,  momentum,  and  energy  in 
flows  in  thermo-chemical  non-equilibrium  involves  kinetic  processes  at  a  microscopic  level  and  relies  on 
the  set-up  of  fine  experimental  apparatus  and  development  of  physical  models  built  and  elaborated  along 
with  the  demand  of  aerospace  activities. 

Objectives  of  this  special  course  are  to  review  the  up-to-date  theoretical  models  describing  non¬ 
equilibrium  effects,  the  experimental  techniques,  as  well  as  the  numerical  simulation  strategies  specific  to 
aerothermochemistry,  in  particular,  aiming  at  better  predicting  the  thermal  loads  on  atmospheric  entry 
bodies. 

The  course  is  organised  to  expose  thermo-chemical  non-equilibrium  models  for  gas  dynamics  and 
databases  for  kinetic  mechanism  and  radiation  phenomenon.  Theoretical  basis  are  given  and  microscopic 
mechanisms  are  discussed  in  details,  it  allows  to  have  a  wide  view  on  the  collection  of  phenomena  to 
integrate  for  an  efficient  energy  transfer  modelling.  Advanced  modelling  are  also  proposed  including 
kinetics  and  radiation  in  simple  application  cases.  Experimental  techniques  for  the  validation  of  the 
theoretical  models  are  presented  in  a  following  section  devoted  to  high  enthalpy  facilities  operation  for 
simulating  planetary  re-entry  conditions  and  the  optical  measurements  associated  for  the  diagnostic  of 
these  non-equilibrium  flows.  The  course  is  concluded  by  a  very  comprehensive  presentation  of  numerical 
capabilities  applied  to  atmospheric  entries.  The  interaction  with  the  physical  modelling  is  focus  in 
particular  as  the  potentialities  and  the  limits  are  underlined  for  the  current  aerospace  applications. 

In  overall  the  lectures  give  a  complete  perspective  from  the  basic  research  to  the  applied  studies  in  the 
context  of  hypersonic  flights. 
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Synthese 


Le  developpement  des  vols  hypersoniques  au  profit  de  findustrie  du  transport  aerospatial,  des  agences 
spatiales  et  des  programmes  de  defense  exige  une  connaissance  detaillee  des  effets  de  la  dynamique  de  gaz 
non  equilibres  pour  la  conception  precise  et  fexploitation  sure  des  vaisseaux  spatiaux,  des  sondes 
planetaires  et  des  fusees.  Les  transferts  de  masses,  leur  moment,  et  fenergie  dans  les  flux  en  non  equilibre 
thermo-chimique  impliquent  des  processus  cinetiques  a  un  niveau  microscopique  et  reposent  sur 
Installation  d’un  appareillage  experimental  fin  et  sur  le  developpement  de  modeles  physiques  construits 
et  elabores  en  accompagnement  des  activity  aerospatiales. 

Les  objectifs  de  cette  session  speciale  sont  de  passer  en  revue  les  derniers  modeles  theoriques  en  vigueur 
decrivant  les  effets  du  non-equilibre,  les  techniques  experimentales,  aussi  bien  que  les  strategies  de 
simulation  numerique  specifiques  a  la  chimie  aero-thermique.  Elle  vise,  en  particulier,  a  mieux  prevoir  les 
charges  thermiques  qui  s’appliquent  sur  les  corps  en  rentree  atmospherique. 

La  session  est  organisee  de  fagon  a  presenter  les  modeles  thermo-chimiques  de  non-equilibre  pour  la 
dynamique  des  gaz  et  les  bases  de  donnees  pour  les  mecanismes  cinetiques  et  les  phenomenes  de 
rayonnement.  Les  bases  theoriques  en  sont  donnees,  et  les  mecanismes  microscopiques  sont  discutes  dans 
le  detail.  Cela  permet  d'avoir  une  large  vue  sur  l’accumulation  des  phenomenes  a  integrer  pour  obtenir 
une  modelisation  efficace  du  transfert  d'energie.  II  est  egalement  propose  une  modelisation  avancee 
incluant  la  cinetique  et  le  rayonnement  dans  des  cas  simples  ^application.  Des  techniques  experimentales 
de  validation  des  modeles  theoriques  sont  presentees  dans  une  section  suivante  dediee  a  futilisation  de 
laboratoires  pour  les  hautes  enthalpies  en  vue  de  simuler  des  conditions  de  rentree  planetaire  et  de  donner 
les  mesures  optiques  associees  necessaires  au  diagnostic  de  ces  ecoulements  en  non-equilibre.  La  session 
s’ est  terminee  par  une  presentation  tres  comprehensible  des  possibility  numeriques  appliquees  aux 
rentrees  atmospheriques.  L’accent  fut  mis  sur  finteraction  avec  la  modelisation  physique  en  particulier  car 
les  potentialites  et  les  limites  furent  soulignees  pour  ce  qui  concerne  les  applications  aerospatiales 
courantes. 

Dans  leur  ensemble  les  conferences  donnent  une  perspective  complete  allant  de  la  recherche  fondamentale 
aux  etudes  appliquees  dans  le  contexte  des  vols  hypersoniques. 
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